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@ SEMICONDUCTOR SENSOR AND ITS MANUFACTURING METHOD.

@ A high sensitivity semiconductor sensor with a good temperature characteristic comprising a sensor layer of
a thin film made of InGay-,As,Sby-y(O < x £ 1.0,0 £ y = 1.0) free from crystal lattice defect, and its
manufacturing method. The sensor comprises a first compound semiconductor layer of a high resistance, the
sensor layer formed thereon of In,Ga;-,As,Sby-y (0 < x £ 1.0, 0 £ y £ 1.0), and electrodes formed thereon. The
sensor is characterized in that the first compound semiconductor has a crystal lattice constant equal to or nearly
equal to that of the crystal constituting the sensor layer, and has a greater band gap energy than that of the
crystal. Also, a second compound semiconductor layer of similar properties to those of the first compound
semiconductor layer may be formed on the top of the sensor layer. Further, the method for manufacturing such
a semiconductor sensor is included. When the semiconductor sensor is used as a magnetic sensor, it has an
unprecedented high sensitivity and high output power, and the temperature dependency of its resistance value is
very low and its Hall output is very small too. It can be used also at high temperature and its reliability is high. It
can be also used as an excellent midinfrared sensor of a high speed response and of a small dark current.
Further, even when it is used as a pressure or strain sensor, it can be expected largely as a high sensitivity
sensor.
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Technical Field
The present invention relates to new semiconductor sensors.
Background Art

Although indium arsenide (InAs) exhibits extremely high electron mobility, and should thus be particu-
larly suitable for use in high sensitivity magnetic sensors, the following problems relating to its fabricating
process and its characteristics exist;

(1) It is very difficult to grow a thin indium arsenide film having good crystallization and high electron
mobility.

(2) the temperature characteristics of InAs when used as a magnetic sensor deteriorate at high
temperatures due to the narrow band gap of the indium arsenide.

Attempts have been made to grow thin films of indium arsenide on various types of substrate. However,
due to the large difference between the lattice constant of the indium arsenide and that of the insulating
substrate on which the single crystal thin film of InAs is grown, lattice mismatch occurs near the interfacial
boundary between the indium arsenide and the substrate itself. This results in low electron mobility so that
adequate electron transport characteristics cannot be achieved. The resultant film is also susceptible to
large changes in its characteristics during the fabricating process of the element, and there is also a
tendency for the resistance temperature characteristics to be poor. Consequently, magnetic sensors
wherein the magnetic sensing portion has a thin indium arsenide film, have a low electron mobility, making
the fabrication of a high sensitivity magnetic sensors difficult.

In order to improve the temperature characteristics of the indium arsenide, tests have been made with a
ternary alloy doped with gallium (Ga) to broaden the band gap. In this case indium phosphide (InP) having
the same lattice constant as the InGaAs was used as the insulating substrate. In these tests, the
composition ratio of In and Ga used to match the lattice of the InP was only Ing53Gag 47As, and there was no
insulating substrate corresponding to an arbitrary composition of InGaAs. As a result, even with the thin film
growth of the InGaAs having a different lattice constant from that of the InP, as with the InAs, it was not
possible to suppress the lattice mismatch occurring in the interface of the substrate. A high electron
mobility thin film of InGaAs was therefore difficult to obtain. Furthermore, to obtain a high sheet resistance,
it is necessary to have a thin layer. However due to the lattice mismatch inherent with a thin layer, it is
difficult to control the carrier density. As a resulf, it is difficult to obtain a thin InAs film having the high
electron mobility and high sheet resistance desirable for a magnetic sensor.

Present day technology related to magnetic sensors using InAs thin film as a magnetic sensing layer is
disclosed in examined Japanese Patent Publication No. 2-24033, and unexamined Japanese Patent Laying-
open Nos. 61-20378 and 61-259583. Examined Japanese Patent Publication No. 2-24033 proposes a Hall
element wherein element temperature characteristics are improved by doping the magnetically sensitive
layer of InAs with S, Si. With this element however, there is a drop in element resistance at high
temperatures over 100 ° C, so that the element is not reliable for use at high temperatures as a Hall element.
Unexamined Japanese Patent Laying-open No. 61-20378 proposes a Hall element having a magnetically
sensitive crystalline layer of InAs or InGaAs grown on a semi-insulating GaAs substrate. With this element
however there is lattice mismatch at the interface between the GaAs substrate and the InAs layer so that
acceptable reliability and sensitivity cannot be obtained at high temperatures. Moreover, unexamined
Japanese Patent Laying-open No. 61-259583 proposes a Hall element having a magnetically sensitive layer
of InAs grown on a sapphire substrate. With this element however, a drop in element resistance was
observed at high temperatures over 100°C making this element also unreliable for use at high tempera-
tures. Up until now we have therefore required different fundamental technology to realize magnetic sensors
having very high sensitivity. Furthermore, this search does not stop with magnetic sensors, but is also
applicable to the field of light, pressure and strain detection, and is aimed at the realization of detectors
having high reliability and sensitivity in spite of miniaturization.

Disclosure of the Invention

The present invention is directed to realization of high sensitivity semiconductor sensors, fabricated
from a high electron mobility thin film sensor layer having minimal crystal lattice mismatch, so that its
characteristics are not susceptible to change due to the fabricating process, and which also exhibits
excellent high temperature characteristics.



10

15

20

25

30

35

40

45

50

55

EP 0 548 375 A1

The present inventor has investigated methods of fabricating thin film sensor layers with high electron
mobility to solve the above problems inherent with InAs thin films, and has introduced these methods into
the fabrication of high sensitivity semiconductor sensors. As a result of these investigations, a compound
semiconductor layer having a large band gap energy greater than that for InAs, and a lattice constant the
same as or close to that of InAs was formed. An InAs crystal was then grown on the compound
semiconductor layer, and even though this had a thin film thickness, the InAs was observed to have an
extremely high electron mobility. Moreover, if the before-mentioned compound semiconductor was used to
match the lattice of the InAs, an extremely thin film of InAs having good crystallization could be grown,
exhibiting an improvement in element characteristics, and due to the quantum effect of the extremely thin
film InAs. Furthermore, with the InGaAs wherein Ga had been introduced into the InAs to make a wider
band gap than that of the InAs, if a compound semiconductor was used in the InGaAs to match the lattice, it
was possible to form an extremely thin film of InGaAs having good crystallization. Also, when this was used
in an element, an improvement in temperature characteristics was observed. Furthermore, by taking
advantage of the quantum effect due to the extremely thin film, and introducing Sb into the InAs or InGaAs,
an even higher sensitivity could be realized.

That is to say, the magnetic sensor has a high resistance first compound semiconductor layer, an InAs
layer formed on the first semiconductor layer, and an ohmic electrode formed on the InAs layer, wherein the
lattice constant of the first compound semiconductor is the same as or close to that of the InAs, and the
band gap energy thereof is greater than that of the InAs. Moreover, the InAs layer may be a ternary or
quaternary mixed crystal with Ga or Sb introduced into the InAs layer. That is to say the InAs layer may
have In,Gai-,As (0<x<1.0), and In,Gaj-,As,Sb1-, (0<x£1.0, 0=y<1.0). In the following, InAs, InGa;-,As
(0<x<1) and In,Ga; -, As,Sbq-, (0<x21.0, 0Sy<1.0) layers are referred to in general as sensor layers.

Furthermore a high resistance second compound semiconductor layer having a lattice constant the
same as or close to that of the crystal forming the sensor layer, and a band gap energy greater than that of
said crystal may be formed on the surface of the sensor layer.

Moreover, in order to realize a high electron mobility with the reduction in defects at the interface of the
sensor layer and the first or second compound semiconductor layers, it is preferable if the bonding at one
or both of the interfaces, on the sensor layer side is formed with a Group lll constituent selected from the
crystal making up the sensor layer, and the bonding on the first or second compound semiconductor layer
side, is formed with a Group V constituent selected from the compound semiconductor. Furthermore, the
bonding of the interface for the sensor side may be formed with a Group V constituent selected from the
crystal making up the sensor layer, and the bonding for the first or second compound semiconductor layers
side may be formed with a Group Il constituent selected from the compound semiconductor. An
intermediate layer may also be inserted between the Group lll and the Group V bonds.

In the sensor layer, electrons concerned in the electrical conduction are existed. The electron density in
the sensor layer is preferably within the range from 5 x 10'® to 8 x 10'8/cm?3, and more preferably in the
range from 8 x 10'® to 3 x 10'8/cm3. The sensor layer may be doped with donor impurities as required.
Also, doping of the first and second compound semiconductor layers which form a barrier layer for the
sensor layer is possible. It is also common for a spacer layer to be inserted between the sensor layer and
the doped barrier layer.

Preferably the electrode formed on the sensor layer of the present invention should be formed with a
direct ohmic contact with the sensor layer. However, when there is a second compound semiconductor
layer, the ohmic contact with the sensor layer via the second compound semiconductor layer may be
achieved by annealing after formation of the electrode on the second compound semiconductor layer.

Another feature of the magnetic sensor of the present invention is the utilization of the Hall effect and
the magnetoresistance effect, such as the Hall elements, magnetic resistance elements and the like.

Moreover, the method of fabrication of the magnetic resistance sensor involves the process of growing
a high resistance first compound semiconductor layer, and growing the sensor layer on top of that layer,
wherein the first compound semiconductor has a crystal and lattice constant the same as or substantially
the same as that of the crystal forming the sensor layer, and a band gap energy greater than that of the
crystal. The method also involves the process of treating the sensor layer, and the process of forming a
plurality of ohmic electrodes on the surface of said sensor layer. If necessary, the process may also include
the formation of a second compound semiconductor layer on the surface of the sensor layer. The process
may also include the doping of the sensor layer and the first and second compound semiconductor layers
as required. The range of the present invention also covers the formation of a electrode on the surface of
the second semiconductor layer, and the formation of an ohmic contact with the sensor layer by a process
such as annealing.
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The magnetic sensor of the present invention may also be die bonded and wire bonded as necessary,
and packaged. Packaging of the magnetic sensor together with a silicon IC chip is common.

A detailed description of the present invention is as follows.

Fig. 1 shows a high sensitivity Hall element as one example of a high sensitivity sensor according fo the
present invention. Fig. 1A shows a typical sectional view, while Fig. 1B shows a plan view. In Figs. 1A, 1B
numeral 1 denotes a substrate, numeral 3 denotes a sensor layer, and numeral 2 denotes a high resistance
first compound semiconductor layer having a lattice constant the same as or nearly the same as that of the
sensor layer 3, and a band gap energy larger than that of the crystal of the sensor layer 3. Numeral 4(41,
42, 43, 44) denotes ohmic electrodes, and numeral 5(51, 52, 53, 54) denotes electrodes for wire bonding.
Here only the magnetic sensor chip is shown for brevity. Fig. 2 shows another working example of the
present invention, having a high resistance second compound semiconductor layer 6. Also shown is a
doped donor impurity 7 in the sensor layer. A passivation layer 8 made of an insulator is formed on the
surface of the semiconductor for protection as required.

With the present invention, the donor impurity 7 is shown in the sensor layer. However this impurity
may be evenly distributed throughout the whole body, or located at a predetermined position only. For
example, only the central portion may be doped, or one part may be doped and the other locations not
doped. Also the central portion may be heavily doped and the surrounding portions lightly doped.
Alternatively the central portions may be lightly doped with surrounding portions heavily doped with
impurities. This may be achieved by separating the layers. With regards to the impurity for doping the
sensor layer of the present invention, in general, if the impurity is used as a donor in the crystal of the
sensor layer, then any impurity such as S, Si, Ge, Se may be used.

With the sensor layer of the present invention, the value of x for the proportion of In and Ga in the
InGay-,As,Sby-y layer of the sensor layer is 0<x=1.0, and preferably 0.6sx< 1.0. In order to take advantage
of the high electron mobility of the InAs, a value of x of 0.85x< 1.0 is desirable. The value of y for the
proportion of As and Sb in the InGay-,As,Sby-, layer is 05y<1.0, and preferably 0.4<y<1.0, and more
preferably in the region of 0.6<y<1.0. The thickness of the sensor layer should be not more than 1.4um,
preferably not more than 0.5um, and more preferably not more than 0.3um. Often a value less than 0.2um
is used in making high sensitivity semiconductor sensors. Furthermore, values less than 0.1um are
preferable for making semiconductor sensors with higher input resistance. By making the sensor layer thin,
the electrons are shut in the sensor layer by the first and if necessary second compound semiconductor
layer, thereby forming an quantum well. The heat resistance and the breakdown voltage are thus improved
due to the quantum effect. To obtain this effect, the sensor layer thickness should be not more than 5004,
preferably not more than 300A, and more preferably not more than 200A. In particular when a thin film
sensor layer is used, then with the present invention, donor impurity doping is carried out near the interface
of the sensor layer and the first or second compound semiconductor layers. The electrons supplied from
the impurity pass across the interface to supply the sensor layer. As a result, the scattering of electrons due
fo the impurities in the sensor layer is reduced, and thus an even higher electron mobility is obtained. In
this case the electrical conductor in the sensor layer depends on the electrons supplied from the first or
second compound semiconductor layer to the sensor layer. Mixed conduction by the electrons existing in
the sensor layer, and the electrons supplied from the donor impurity atom doped in the sensor layer may
also occur.

Fig. 3 shows another example of semiconductor sensors according to the present invention. Numeral 9
indicates a donor impurity doped in the high resistance compound semiconductor layer to achieve the
above mentioned effects. Fig. 3A shows an example of a first compound semiconductor layer doped with
donor impurities, while Fig. 3B shows an example of a doped second compound semiconductor layer. The
electrons in the sensor layer supplied from the donor impurities 9, may form an electron gas spreading in
fwo dimensions. However these are collected in the electrical conductor together with electrons supplied
from the donor impurity 7 in the sensor layer. Anything which act as a donor impurity, may be suitable for
this purpose. However preferably Si, S, Ge, Se and the like should be used.

The resistance of the high resistance first or second semiconductor layer used in the semiconductor
sensor of the present invention should preferably be that of an insulator or semi-insulator, or be a
correspondingly high resistance value. For example, the resistance of the first or second compound
semiconductor layer should be at least 5-10 times as high as the resistance of the sensor layer, preferably
100 times higher, and more preferably 1000 times higher.

With the sensor layer used in the semiconductor sensor of the present invention formed as above, the
first and second compound semiconductor layers are generally compound semiconductors having a lattice
constant the same as or close to that of the crystal of the sensor layer, and may have a band gap energy
value higher than that of the crystal. For example, it may be possible to have a composition such as GaSb,
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AISb, Ala1Ga1_a1Sb, GaASc1Sb1_c1, A]ASC1Sb1_c1, Ala1Ga1_a1ASc1Sb1_c1, A]b1|n1_b1ASc28b1_c2,
Alpalni—p2Pg1Sbi- 41, and AlxGaq- 22Pg2Sbi-g2 Which have lattice constants the same as or close to that of
the crystal of the sensor layer. Furthermore it is desirable to have a material having a band gap energy
higher than that of the crystal. For the compound semiconductor layer Al,1Ga;-,1As.1Sb1-¢1, the range of
(0=a1=£1.0, 0=c1=20.6) is preferable, and (0.5%a1<1.0, 0=c1=0.4) is more preferable. With
Alp1lny-p1Asc2Sbi-c2, the range of (0.2£b1£1.0,02¢2<1.0) is preferable, and (0.55b1=1.0, 0=c2<0.8) is more
preferable. With Alglni_p2Pg1Sbi—g1,the range of (0=b2<1.0, 0=d1£1.0) is preferable, and (0.1=b2<1.0,
0.1=2d1<0.8) is more preferable. With Al,2Gaq-2P42Sbq- g2, the range of (0£a2<1.0, 0=d2<0.5) is preferable,
and (0.55a2<1.0, 0=d2<0.35) is more preferable. With regards to the closeness in values of the lattice
constants of the first and second compound semiconductor layers, and the lattice constant of the crystal of
the sensor layer, the difference between the lattice constant of the compound semiconductor and that of the
crystal of the sensor layer should be within 5% and more preferably within £2%.

The thickness /i of the first compound semiconductor layer is preferably in the range from 0.1um £ /; £
10um, and more preferably in the range from 0.5um £ /1 £ 5um. To obtain the quantum effect in the
sensor layer, this value should preferably be not less than 1um. The thickness £ of the second compound
semiconductor layer normally corresponds to that of the first compound semiconductor layer. Generally a
range not greater than 1um, preferably not greater than 0.5um, and more preferably not greater than 0.1um
is used. Furthermore, the first and second compound semiconductor layers may be formed as multiple
layers comprising a number of semiconductors selected from compound semiconductors. For example, a
third compound semiconductor layer may be formed on the second compound semiconductor layer. The
third compound semiconductor layer may be made of a semiconductor insulating layer corresponding to the
second compound semiconductor layer, with a similar thickness of L. The second and third compound
semiconductor layers prevent sensor layer from oxidation in air. They also provide a protective effect
against damage by passivation.

The type of bonding at the interface between the sensor layer and the first and second compound
semiconductor layers may be In-Sb, Ga-Sb, Ga-As, In-As, Al-As, Al-Sb, In-P, Ga-P. Of these, In-Sb is
preferable. An intermediate layer may be inserted between the Group Il - Group V layer. Fig. 4 shows an
enlarged view of such type of interface bonding. In forming the interface bond with the interface between
the first compound semiconductor layer and the sensor layer, after growth of the first compound
semiconductor layer, only the Group V (Group lll) selected from the compound semiconductor layer is
irradiated. Then, Group V (Group lll) irradiation is stopped, and at the same time only the Group Il (Group
V) selected from the crystal of the sensor layer is irradiated. Subsequently, irradiation of the Group Ill and
Group V remaining from the sensor layer crystal is commenced, and the sensor layer grown. With the
interface between the sensor layer and second compound semiconductor layer, after growth of the sensor
layer, only the Group Il (Group V) selected from the sensor layer crystal is irradiated. Irradiation of the
Group Il (Group V) is then stopped, and at the same time the Group V (Group lll) selected from the second
compound semiconductor is irradiated. Then irradiation of the remaining elements of the second compound
semiconductor is commenced, and the second compound semiconductor layer grown. The interface layer
may be grown to only several atomic layers and preferably only one atomic layer by irradiation of the
Group Il and Group V constituents.

The electrode making up the semiconductor sensor of the present invention is normally an ohmic
electrode. In this case it is preferable to form an ohmic contact directly with the sensor layer. The electrode
however may be formed on the second compound semiconductor layer, with ohmic contact with the sensor
layer through the second compound semiconductor. With this construction the layer is formed as follows.
To obtain ohmic contact between the electrode and sensor layer, annealing for alloy is carried out to diffuse
the electrode material into the sensor layer from the second compound semiconductor. Alternatively, a
method wherein a donor impurity is implanted only into the region below the electrode by ion implantation
fo give a reduction in contact resistance may be used. With the metal electrodes, the known multiple layer
construction with an initial three layers of AuGe/Ni/Au is possible. However it is also possible to have single
layers of metal such as Al, Ti, Au, W, or a large variety of combinations.

With the semiconductor sensor of the present invention, especially when made for light, pressure and
stress sensing, it is possible to form a non-ohmic electrode. A transparent electrode for light transmission
may also be formed.

The substrate used for fabricating the magnetic sensor of the present invention may in general be
formed of any material that can be formed as a single crystal. This may preferably be a single crystal semi-
insulating substrate of GaAs, or a single crystal substrate of Si. The (100) or (110) plane is generally used
as the plane for growing the crystal. In order to improve the crystal growth, it is common to use those which
are shifted at several angles from these planes. For example, 2° misoriented plane from (100) may be



10

15

20

25

30

35

40

45

50

55

EP 0 548 375 A1

preferable. Furthermore, in the process for the fabrication of magnetic sensors wherein an insulating
substrate such as mica is used, the thin film layer grown on the mica surface may be also be transferred.
That is to say, with the fabricated magnetic sensor, the substrate is not in effect used.

With the fabricating method of the magnetic sensor of the present invention, the processes for forming
the first compound semiconductor, the sensor layer, and the second compound semiconductor may in
general involve any process whereby a single crystal thin film can be grown. The molecular beam epitaxy
method, the MOVPE method or the ALE method may however be particularly suitable.

The process for making the sensor layer to a required predetermined shape may involve processes
such as wet etching, dry efching and ion milling. These processes may also be used if necessary for
producing the first and second compound semiconductor layers in a predetermined shape.

Fig. 5 shows a magnetic resistor according to a basic example of a high sensitivity magnetic sensor of
the present invention. Fig. 5A shows a cross sectional view of a two terminal magnetic resistor, while Fig.
5B shows a plan view. Fig. 5C is a plan view of a three terminal differential type magnetic resistor. Numeral
10 indicates short bar electrodes. These have the effect of increasing the magnetic resistance effect, and
may be used to increase magnetic sensitivity. The short bar electrodes 10 of Fig. 5 are in ohmic contact
with the sensor layer 3, and are normally made of metal.

The magnetic sensor of the present invention may be used for a magnetic sensor such as a Hall IC or
magnetic resistance IC in which a Si IC chip for amplifying the sensor output is packaged together with the
magnetic sensor. Fig. 6 shows this example with a magnetic sensor chip 11, an Si IC chip 12, an island
portion 13 on a lead 14, a wire 15, and mold resin 16.

As well as being used as a magnetic sensor, the semiconductor sensor of the present invention may
also be used as a light sensor, pressure sensor, or strain sensor. In this case a high resistance first
compound semiconductor layer may be grown on a semi-insulating substrate, and a sensor layer then
grown on this layer. An optical sensor may then be produced by forming a light detecting electrode on the
sensor layer. A second compound semiconductor layer may also be formed on the sensor layer. A quantum
well may also be formed, by growing an ulfra thin film sensor layer. It may also be possible to produce an
optical sensor with a superlattice construction wherein a first or second compound semiconductor barrier
layer and ultra thin film sensor layer are grown alternately. An optical sensor of the type shown in Fig. 18
with a transparent electrode on the surface may be also be made using the semiconductor sensor of the
present invention. With this optical sensor, lattice mismatch does not occur at the interface between the
lattice adjusting compound semiconductor layer and the sensor layer, so that the dark current which is a
problem with light sensors may be kept very small. Furthermore, since the electron mobility of the sensor
layer is extremely large, higher response speed is possible. The optical sensor is thus ideal for use as an
optical sensor for detection in the mid-infrared region (2-8um).

A pressure sensor may also be formed in a similar manner to the above examples. In this case, a high
resistance first compound semiconductor layer is formed. A sensor layer is then grown on top of this layer,
and a electrode for detecting a pressure force is formed on the sensor layer. Alternatively, a second
compound semiconductor layer may be grown on the sensor layer. By growing an ultra thin film sensor
layer, a quantum well may be produced. Also, by growing alternate barrier layers comprising first and
second compound semiconductors, and ultra thin film sensor layers, a superlattice may be produced. The
electrode of the pressure sensor of the present invention may be a direct ohmic contact with the sensor
layer. However, when a second compound semiconductor layer is grown on the sensor layer, the electrode
may be formed on the second compound semiconductor layer, and the ohmic contact with the sensor layer
achieved by annealing. Furthermore, a non-ohmic electrode may be grown as a surface electrode on the
second compound semiconductor layer as shown in Fig. 16 and Fig. 17. The band gap of the sensor layer
of the present invention is small compared to that for GaAs or Si, so that a higher sensitivity pressure
sensor can be produced. Up until now a good InAs type pressure sensor has not been possible due fo the
problems with growing an InAs thin film having good crystallization and minimal lattice mismatch. However
if a sensor layer grown on the surface of the lattice matching compound semiconductor layer of the present
invention is used, it is possible to produce a high sensitivity pressure sensor which takes full advantage of
the InAs thin film characteristics.

A strain sensor may also be formed in a similar manner to the above examples. In this case a first
compound semiconductor layer is formed. A sensor layer is then grown on top this layer, and a electrode
for detecting strain is formed at a predetermined position on the sensor layer. Alternatively, a second
compound semiconductor layer may be grown on the sensor layer. By growing an ultra thin film sensor
layer, a quantum well may be produced. Also, by growing alternate barrier layers having first or second
compound semiconductors, and ulira thin film sensor layers, a superlattice may be produced.
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Examples of actual optical, pressure and strain sensors according to the present invention are given
below.

Fig. 15 shows an example of a semiconductor sensor according to the present invention which utilizes a
change in resistance. Fig. 15A is a sectional view of the element construction, while Fig. 15B is a plan view.
The sensor comprises a substrate 1, a lattice adjusting first compound semiconductor layer 2, a sensor
layer 3 made in the shape shown in Fig. 15B with an ohmic electrode 17. With this type of semiconductor
sensor, the resistance of the treated sensor layer changes with the application of light, pressure, or strain,
and this change is detected. Fig. 15C shows a typical condition under strain.

Fig. 16 shows another example of a semiconductor sensor according to the present invention which
utilizes a change in resistance. The sensor has a second compound semiconductor layer 6, respective
ohmic electrodes 18, 19, and a non-ohmic central electrode 20. With this type of semiconductor sensor, the
resistance value change between the electrodes due fo light, pressure, and strain is detected. Furthermore,
the sensitivity of the semiconductor may be adjusted by applying a voltage across the central electrode.

Fig. 17 shows an example of a semiconductor sensor according to the present invention. The sensor
has an insulating second compound semiconductor layer 6, an ohmic electrode 21, and a collector
electrode 22 grown on the second compound semiconductor layer 6. When a voltage is applied to these
collector electrodes, an electrical charge is produced at the interface with the insulating second compound
semiconductor layer 6. With this semiconductor sensor, a change in electric charge due to light, pressure or
strain is detected.

Fig. 18 shows another example of a semiconductor sensor according to the present invention. The
sensor has an ohmic electrode 23, and a transparent electrode 24. As with the example of Fig. 17, a change
in capacitance due to light, pressure or strain is detected as a voltage change between the electrodes.

Fig. 19 shows practical examples of elements which use semiconductor sensors of the present
invention. Fig. 19A shows an example of a light sensor with identical light sensors 25 and 26. The light
sensor 26 is shown with the light shut off. The sensor is connected by electrodes 27, 28 and 29. Normally it
is preferable to form the light sensors on the same substrate. However it may be possible to form the light
sensors on separate substrates and assemble these together. In fact, the example of Fig. 19A uses the
semiconductor sensor shown in Fig. 15, and measurements were carried out with this as a light sensor. The
results gave a resistance value between the electrodes 28-29 when shaded of 1480Q. In comparison, the
resistance value between the electrodes 27-28 when illuminated was 750 greater. A change in resistance
value due light illumination was thus confirmed. Fig. 19B shows a semiconductor sensor 30 according to the
present invention, with an external resistance 31. The present invention can thus be seen to extend to
sensor constructions involving circuit elements such as external resistors integrated together with the
semiconductor sensors of the present invention.

Brief Description of the Drawings

Figs. 1A and 1B are respective sectional and plan views showing a construction of a Hall element, being
an example of a magnetic sensor substrate according to the present invention.

Fig. 2 is a sectional view showing another example of the present invention having a second compound
semiconductor layer.

Figs. 3A and 3B are sectional views showing an example having a construction wherein the electrons
are supplied from a first or second compound semiconductor layer.

Fig. 4 is an enlarged typical view of an interfacial bond between an InAs layer and a first compound
semiconductor layer.

Figs. 5A, 5B and 5C are respective sectional and plan views showing an example of a magnetic
resistor, being one example of a magnetic sensor according to the present invention.

Fig. 6 is a typical sectional view showing an example of a hybrid magnetic sensor according to the
present invention, wherein a Hall element as one example of a magnetic sensor of the present invention, is
molded together in the same package with the silicon IC chip of an IC circuit.

Fig. 7 is a characteristic diagram showing the temperature characteristics of the Hall output voltage for a
first example of the present invention.

Fig. 8 is a characteristic diagram showing the temperature variation of the input resistance for a first
example according to the present invention.

Fig. 9 is a characteristic diagram showing the temperature characteristics of the Hall output voltage for a
fifth example according to the present invention.

Fig. 10 is a diagram showing the temperature variation of the element resistance for the fifth example of
the present invention.
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Fig. 11 is a characteristics diagram showing the temperature characteristics of the Hall output voltage
for a twelfth example of the present invention.

Fig. 12 is a characteristic diagram showing the temperature variation of the element resistance for the
twelfth example of the present invention.

Fig. 13 is a characteristic diagram showing the temperature variation of the Hall output voltage for a
seventeenth example of the present invention.

Fig. 14 is a characteristic diagram showing the temperature variation of the element resistance for the
seventeenth example of the present invention.

Fig. 15 is respective sectional and plan views showing examples of semiconductor sensors according fo
the present invention wherein light, pressure, and sfrain can be detected by a resistor type element. Fig.
15A is a sectional view, Fig. 15B is a plan view of Fig. 15A, and Fig. 15C is a typical view showing the
sensor used as a strain sensor.

Fig. 16 is a sectional view showing an example of a semiconductor sensor according to the present
invention, wherein a resistance type element semiconductor sensor has a central electrode, whereby the
light, pressure and strain detection sensitivity can be adjusted.

Figs. 17A and 17B are respective sectional and plan views showing an example of a semiconductor
sensor according to the present invention whereby light, pressure and strain may be detected.

Fig. 18 is a sectional view showing an example of a semiconductor sensor according to the present
invention whereby light, pressure and strain can be detected by a change in capacitance.

Fig. 19 is a typical view showing an example of an actual use of a semiconductor sensor according fo
the present invention. Fig. 19A shows an example of an optical sensor, while Fig. 19B shows examples of
light, pressure and strain sensors.

Best Mode for Carrying out the Invention

Examples of the present invention are given below. However, it is to be understood that the present
invention is not limited to these examples.

Example 1-a

A first compound semiconductor layer of undoped AlysGag2Asg16Sboss is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped InAs is then grown to a thickness of 0.25um on this layer. This InAs
thin film has an electron mobility of 19000cm?Vs, a sheet resistance of 1500Q/unit area and an electron
density of 0.88 x 107cm™3,

Subsequently, a resist pattern for the formation of a magnetically sensitive portion is formed on the
overlying thin film grown on the GaAs substrate, using a photolithographic technique. The unwanted areas
are then successively etched away with H3POs system etchant, and the resist removed. A 0.2um film of
SiN is then deposited over the entire surface of the wafer using a plasma chemical vapor deposition (CVD)
technique. A resist pattern for the openings at the electrode portions is then formed on the SiN layer by the
photolithographic technique, and the SiN portion for the electrode etched by reactive ion etching, to expose
the sensor layer. Then successive vacuum deposition techniques are used to deposit a 2000A AuGe
(Au:Ge =88:12) layer, a 500A Ni layer, and a 3500A Au layer. The electrode pattern for the Hall element is
then obtained by the normal lift- off method. In this way, several Hall elements can be made on the two inch
wafer. The individual Hall elements are then cut out from the growth using a dicing saw. The chip size of
the Hall element made in this way is 0.36mm x 0.36mm.

The resultant Hall elements are then die bonded and wire bonded. Transfer molding is carried out to
produce epoxy resin molded Hall element.

The film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the first example 1-a had a large Hall output voltage of 210mV
for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice
the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage are shown in Fig. 7. The temperature variation of the Hall output voltage at a constant voltage is
small even at temperatures above 100 ° C and shows excellent temperature characteristics. As shown in Fig.
8, the temperature variation of the input resistance is very small up to 150°C, and the drop in resistance is
also extremely small. Furthermore, when molded in a standard mini mold, the heat radiation coefficient is
only approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures
of 100 to 150°C, and even at low temperatures down to -50 ° C no problems are experienced. The element
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is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Example 1-b

Using the same method as for example 1-a, a first compound semiconductor layer of undoped
AlgsGag 2Asg16Sbgogsa was grown to a thickness of 0.30um. A layer of undoped InAs was then grown to a
thickness of 0.25um on this layer. This InAs thin film had an electron mobility of 12000cm?Vs, a sheet
resistance of 520Q/unit area and an electron density of 4.00 x 10 cm™3.

A Hall element was then made in the same way as for example 1-a, and the properties measured under
the same conditions. With a Hall output voltage of 150mV, and an input resistance of 1.1kQ, the drop in
resistance in the high temperature region above 100°C was found to be a little lower than that for example
1-a.

Example 2

A first compound semiconductor layer of undoped AlysGag2Asg16Sboss is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped InAs is then grown to a thickness of 0.15um on this layer. This InAs
thin film has an electron mobility of 19000cm?/Vs, a sheet resistance of 2300/unit area and an electron
density of 0.95 x 107cm™3,

A Hall element was then made as follows in a similar manner to that of example 1-a.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the second example had a large Hall output voltage of 260mV
for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice
the average Hall output voltage of a GaAs Hall element. The temperature dependence of the Hall output
voltage showed the same characteristics as for example 1-a. The temperature dependence of the input
resistance was also extremely small up to 150° C as with example 1-a. With this extremely low temperature
dependence of the input resistance, and very small drop in resistance, the possibility of failure under an
overload current when used at the rated voltage is minimized, and reliability at high temperatures is also
good. Furthermore with low temperature use, even at temperatures down to -50°C no problems are
experienced. The element is thus reliable for use over a wide range of temperatures. With the Hall element
as one of the magnetic sensors of the present invention, the Hall output voltage in the magnetic field is
large resulting in high sensitivity. The Hall element can also be used at high temperatures, and reliability is
extremely high.

Example 3

A first compound semiconductor layer of undoped AlysGag2Asg16Sboss is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped InAs is then grown to a thickness of 0.10um on this layer. This InAs
thin film has an electron mobility of 19000cm?/Vs, a sheet resistance of 300Q/unit area and an electron
density of 1.1 x 10'7cm™3. A Hall element was then made as follows in a similar manner to that of example
1-a.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the third example had a large Hall output voltage of 270mV for
a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice the
average Hall output voltage of a GaAs Hall element. The temperature dependence of the Hall output voltage
showed the same characteristics as for example 1-a. The temperature dependence of the input resistance
was also extremely small up to 150° C as with example 1. With this extremely low temperature dependence
of the input resistance, and very small drop in resistance, the possibility of failure under an overload current
when used at the rated voltage is minimized, and reliability at high temperatures is also good. Furthermore
with low temperature use, even at temperatures down to -50° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.
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Comparative Example 1

Using the same method as for example 3, a layer of undoped AlggGag2As ¢5Sbgs was grown to a
thickness of 0.30um. A layer of undoped InAs was then grown to a thickness of 0.10um on this layer. The
surface morphology of the InAs thin film was poor, and sheet resistance too high so measurement of
electron mobility was not possible. The lattice constant of the AlGaAsSb layer differed from that of the InAs
and it was apparent that an InAs thin film having good crystallization could not be obtained. A Hall element
also was not possible.

Example 4

A first compound semiconductor layer of undoped AlysGag2Asg16Sboss is grown to a thickness of
0.3um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method.
A sensor layer of Si doped InAs is then grown to a thickness of 0.10um on this layer. A second compound
semiconductor layer of undoped AlysGag 2Asg16Sbo g4 is then grown to a thickness of 500A on this layer and
then a cap layer of GaAsg 16Sbg g4 is grown on this layer to a thickness of 100A. This InAs thin film has an
electron mobility of 21000cm?/Vs, a sheet resistance of 280Q/unit area and an electron density of 1.1 x
107 cm™3.

Subsequently, a resist pattern for the formation of a magnetically sensitive portion is formed on the
overlying thin film grown on the GaAs substrate, using a photolithographic technique. The unwanted areas
are then successively etched away with H3POs system etchant, and the resist removed. A 0.2um film of
SiN is then deposited over the entire surface of the wafer using a plasma chemical vapor deposition (CVD)
technique. A resist pattern for the openings at the electrode portions is then formed on the SiN layer by the
photolithographic technique, and the SiN portion for the electrode etched by reactive ion etching. The
unrequired portions on the second compound semiconductor layer and the cap layer are then removed with
HCI system etchant to expose the sensor layer. Then successive vacuum deposition techniques are used to
deposit a 2000A AuGe (Au:Ge =88:12) layer, a 500A Ni layer, and a 3500A Au layer. The electrode pattern
for the Hall element is then produced by the normal lift-off method. In this way, several Hall elements can
be made on the two inch wafer. The individual Hall elements are then cut out from the growth using a dicing
saw. The chip size of the Hall element made in this way is 0.36mm x 0.36mm.

The resultant Hall elements are then die bonded and wire bonded. Transfer molding is carried out to
produce an epoxy resin molded Hall element.

The film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the fourth example had a large Hall output voltage of 309mV
for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than three
times the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall
output voltage, as with example 1-a showed good characteristics even above 100°C. The temperature
dependence of the input resistance, also, as with example 1-a, showed very small change with temperature,
and a very small drop in resistance. Furthermore, the heat radiation coefficient of the element when molded
in a standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the
previously impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.
Furthermore with low temperature use, even at temperatures down to -50°C no problems are experienced.
The element is thus reliable for use over a wide range of temperatures.

Example 5

A first compound semiconductor layer of AlggGag2Asy32Sbges is grown to a thickness of 0.30um on the
surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A sensor
layer of Si doped InggGag2As is then grown to a thickness of 0.10um on this layer. This InggGagAs thin
film has an electron mobility of 15500cm?/Vs, a sheet resistance of 330Q/unit area and an electron density
of 1.22 x 107cm™3.

A Hall element was then made as follows in a similar manner to that of example 1-a.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the fifth example had a large Hall output voltage of 200mV for
a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice the
average Hall output voltage of a GaAs Hall element. The Hall output voltage temperature characteristics are
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shown in Fig. 9. The temperature variation of the Hall output voltage at a rated voltage is small even at
temperatures over 100 ° C, showing excellent temperature characteristics. Furthermore, as shown in Fig. 10
the input resistance change with temperature is small up to 150°C, and no drop in resistance is observed.
Consequently the possibility of failure under an overload current when used at the rated voltage is
minimized, and reliability at high temperatures is also good. The element can thus be used at previously
impossible high temperatures. Furthermore with low temperature use, even at temperatures down to -60°C
no problems are experienced. The element is thus reliable for use over a wide range of temperatures. With
the Hall element as one of the magnetic sensors of the present invention, the Hall output voltage in the
magnetic field is large resulting in high sensitivity. The Hall element can also be used at high temperatures,
and reliability is extremely high. The element also has low power consumption and compared to the GaAs
Hall element this is less than half for the same sensitivity.

Comparative Example 2

As with example 5, an undoped layer of AlygGag2AsgeSbo4 is grown to a thickness of 0.30um. A layer
of Si doped InggGagoAs is then grown to a thickness of 0.10m on this layer. This InggGagAs thin film
however had poor surface mobility so that measurement of electron mobility was not possible. A Hall
element also was not possible.

Example 6

A first compound semiconductor layer of undoped AlgsGag2Asg23Sbg77 is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped InggGag.As is then grown to a thickness of 0.10um on this layer. A
second compound semiconductor layer of undoped AlggGag2Asg23Sbg77 is then grown to a thickness of
500A on this layer and then a cap layer of GaAsg23Sbg 77 is grown on this layer to a thickness of 100A.

This InggGag 2As thin film has an electron mobility of 19000cm?/Vs, a sheet resistance of 3100/unit area
and an electron density of 1.06 x 107 cm™3.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the sixth example had a large Hall output voltage of 240mV for
a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice the
average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage, as with example 5 showed good characteristics even above 100°C. The temperature dependence
of the input resistance, also, as with example 5, showed very small change with temperature, and no
apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded in a
standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the previously
impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic sensors of the
present invention, the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall
element can also be used at high temperatures, and reliability is extremely high. Furthermore with low
temperature use, even at temperatures down to -60°C no problems are experienced. The element is thus
reliable for use over a wide range of temperatures.

Example 7

A first compound semiconductor layer of undoped AlysGag2Asg4s5Sboss is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped InggsGagssAs is then grown to a thickness of 0.10um on this layer. A
second compound semiconductor layer of undoped AlggGag2Asy.45Sbgss is then grown to a thickness of
500A on this layer and then a cap layer of GaAsy45Sbg 55 is grown on this layer to a thickness of 100A. This
Ing.65Gag.ssAs thin film has an electron mobility of 13000cm?/Vs, a sheet resistance of 3809/unit area and an
electron density of 1.26 x 107 cm-3.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the seventh example had a large Hall output voltage of 195mV
for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice
the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage, as with example 5 showed good characteristics even above 100°C. The temperature dependence

12



10

15

20

25

30

35

40

45

50

55

EP 0 548 375 A1

of the input resistance, also, as with example 5, showed very small change with temperature, and no
apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded in a
standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the previously
impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic sensors of the
present invention, the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall
element can also be used at high temperatures, and reliability is extremely high. Furthermore with low
temperature use, even at temperatures down to -60°C no problems are experienced. The element is thus
reliable for use over a wide range of temperatures.

Example 8

A first compound semiconductor layer of undoped AlgsGag2Asg75Sbg2s is grown to a thickness of
0.30um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE)
method. A sensor layer of Si doped Ing3Gag7As is then grown to a thickness of 0.10um on this layer. A
second compound semiconductor layer of undoped AlggGag2Asy75Sbg2s is then grown to a thickness of
500A on this layer and then a cap layer of GaAsy 75Sbg .25 is grown on this layer to a thickness of 100A. This
Ing.3Gag7As thin film has an electron mobility of 9000cm?/Vs, a sheet resistance of 420Q/unit area and an
electron density of 1.65 x 107cm™3,

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the eighth example had a Hall output voltage of 140mV for a
rated input voltage when subjected to a magnetic flux density of 500G. This value is approximately 1.5
times the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall
output voltage, as with example 5 showed good characteristics even above 100°C. The temperature
dependence of the input resistance, also, as with example 5, showed very small change with temperature,
and no apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded
in a standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the
previously impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.
Furthermore with low temperature use, even at temperatures down to -60°C no problems are experienced.
The element is thus reliable for use over a wide range of temperatures.

Example 9

A first compound semiconductor layer of undoped Algglng2Asg3Sbg7 is grown to a thickness of 0.3um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A
sensor layer of Si doped IngsGag 2Asg3Sbg 7 is then grown to a thickness of 0.10um on this layer. A second
compound semiconductor layer of undoped Algglng2Asg 3Sbg 7 is then grown to a thickness of 500A on this
layer. This InggGag2Asy3She7 thin film has an electron mobility of 20000cm?/Vs, a sheet resistance of
270Q/unit area and an electron density of 1.15 x 10"7¢cm™3,

Subsequently, a resist pattern for the formation of a magnetically sensitive portion is formed on the
overlying thin film grown on the GaAs substrate, using a photolithographic technique. The unwanted areas
are then successively etched away with H3POs system etchant, and the resist removed. A 0.2um film of
SiN is then deposited over the entire surface of the wafer using a plasma chemical vapor deposition (CVD)
technique. A resist pattern for the openings at the electrode portions is then formed on the SiN layer by the
photolithographic technique, and the SiN portion for the electrode etched by reactive ion etching. The
unrequired portions on the second compound semiconductor layer are then removed with HCl system
etchant to expose the sensor layer. Then successive vacuum deposition techniques are used to deposit a
2000A AuGe (Au:Ge =88:12) layer, a 500A Ni layer, and a 3500A Au layer. The electrode pattern for the
Hall element is then produced by the normal lift-off method. In this way, several Hall elements can be made
on the two inch wafer. The individual Hall elements are then cut out from the growth using a dicing saw.
The chip size of the Hall element made in this way is 0.36mm x 0.36mm.

The resultant Hall elements are then die bonded and wire bonded. Transfer molding is carried out to
produce an epoxy resin molded Hall element.

The film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the ninth example had a Hall output voltage of 300mV for a
rated input voltage when subjected to a magnetic flux density of 500G. This value is approximately 3 times
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the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage, as with example 5 showed good characteristics even above 100°C. The temperature dependence
of the input resistance, also, as with example 5, showed very small change with temperature, and no
apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded in a
standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the previously
impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic sensors of the
present invention, the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall
element can also be used at high temperatures, and reliability is extremely high. Furthermore with low
temperature use, even at temperatures down to -60°C no problems are experienced. The element is thus
reliable for use over a wide range of temperatures.

Comparative Example 3

As with example 9, an undoped layer of Algglng2Asy7Sbg 3 is grown to a thickness of 0.30um. A layer of
Si doped InggGagoAsg3Sbgz is then grown to a thickness of 0.10um on this layer. Undoped
Algglng2Asg7Sbg s is then grown to a thickness of 500A on this layer. The InggGag2Asy3Sbgz thin film
however had poor surface mobility and very high sheet resistance so that measurement of electron mobility
was not possible. A Hall element also was not possible.

Example 10

A first compound semiconductor layer of undoped Alg glng 2Asg.05Sbg .95 is grown to a thickness of 0.3um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A
sensor layer of Si doped IngsGag 2Asg5Sbg s is then grown to a thickness of 0.10um on this layer. A second
compound semiconductor layer of undoped Algglng2Asgo5Sbggs is then grown to a thickness of 500A on
this layer. This InggGag.2Asy5Sbgs thin film has an electron mobility of 21000cm?/Vs, a sheet resistance of
270Q/unit area and an electron density of 1.10 x 10"7cm™3,

A Hall element was then made as follows in a similar manner to that of example 9.

The film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the tenth example had a Hall output voltage of 310mV for a
rated input voltage when subjected to a magnetic flux density of 500G. This value is approximately 3 times
the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage, as with example 5 showed good characteristics even above 100°C. The temperature dependence
of the input resistance, also, as with example 5, showed very small change with temperature, and no
apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded in a
standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the previously
impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic sensors of the
present invention, the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall
element can also be used at high temperatures, and reliability is extremely high. Furthermore with low
temperature use, even at temperatures down to -60°C no problems are experienced. The element is thus
reliable for use over a wide range of temperatures.

Example 11

A first compound semiconductor layer of undoped Alg 4lng sAsSg.05Sbg.95 is grown to a thickness of 0.3um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A
sensor layer of Si doped IngsGag 2Asg2Sbg s is then grown to a thickness of 0.10um on this layer. A second
compound semiconductor layer of undoped Alg4lngeAsgo5Sbogs is then grown to a thickness of 500A on
this layer. This InggGag.2Asg2Sbgs thin film has an electron mobility of 21000cm?/Vs, a sheet resistance of
250Q/unit area and an electron density of 1.19 x 10"7cm™3,

A Hall element was then made as follows in a similar manner to that of example 9.

The film and element characteristics are given later in Tables 1 and 2 respectively.

As shown in Table 2, the Hall element of the eleventh example had a Hall output voltage of 305mV for a
rated input voltage when subjected to a magnetic flux density of 500G. This value is approximately 3 times
the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage, as with example 5 showed good characteristics even above 100°C. The temperature dependence
of the input resistance, also, as with example 5, showed very small change with temperature, and no
apparent drop in resistance. Furthermore, the heat radiation coefficient of the element when molded in a
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standard mini mold, is only approximately 2.3mW/°C. Hence the element can be used at the previously
impossible temperatures of 100°C to 150°C. With the Hall element as one of the magnetic sensors of the
present invention, the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall
element can also be used at high temperatures, and reliability is extremely high. Furthermore with low
temperature use, even at temperatures down to -60°C no problems are experienced. The element is thus
reliable for use over a wide range of temperatures.

Example 12

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg 16Sbg g4 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InAs is then grown to a
thickness of 150A on this layer. A second compound semiconductor layer of undoped AlygGag 2ASy 1650084
is then grown to a thickness of 500A on this layer, and then a cap layer of GaAsg15Sbg.g4 is grown on this
layer to a thickness of 100A. This InAs thin film has an electron mobility of 15000cm?/Vs, a sheet resistance
of 200Q/unit area and an electron density of 1.39 x 10'8cm™3. The quantum well formed by the thin film
was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twelfth example had a large Hall output voltage of 220mV
for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than twice
the average Hall output voltage of a GaAs Hall element. The temperature characteristics of the Hall output
voltage are shown in Fig. 11. The temperature variation of the Hall output voltage at a constant voltage is
small even at temperatures above 100°C showing excellent temperature characteristics. As shown in Fig.
12, the input resistance variation with temperature shows no drop up to approximately 150°C, indicating
excellent temperature characteristics. Consequently the possibility of failure under an overload current when
used at the rated voltage is minimized, and reliability at high temperatures is also good. Furthermore, the
heat radiation coefficient of an element molded in a standard mini mold, is only approximately 2.3mW/*C.
Hence the element can be used at the previously impossible temperatures of 100° C to 150°C, and even at
low temperatures down to -50°C no problems are experienced. The element is thus reliable for use over a
wide range of temperatures. With the Hall element as one of the magnetic sensors of the present invention,
the Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall element can also
be used at high temperatures, and reliability is extremely high.

Comparative Example 4

As with example 12, an undoped Al gGag2Asg5Sbg s is grown to a thickness of 1.0um on the surface of
a two inch diameter GaAs substrate. An undoped InAs is then grown to a thickness of 150A. An undoped
AlgsGag 2Asg5Sbg s is then grown to a thickness of 500A, and then a cap layer of GaAsgy5Sbgs is grown to a
thickness of 100A. The surface morphology of the growth layer showed a slight blooming. This InAs thin
film has an electron mobility of 2300cm?/Vs, a sheet resistance of 1030Q/unit area and an electron density
of 1.75 x 10"cm™3. A Hall element was made by the method of example 4, however this had a Hall output
voltage of only 35mV, and an exiremely high input resistance of 2kQ. Furthermore, the Hall output voltage,
and input resistance were strongly dependent on temperature changes, and the input resistance dropped
markedly at high temperatures.

Example 13

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg 16Sbg g4 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InAs is then grown to a
thickness of 200A on this layer. A second compound semiconductor layer of undoped AlygGag 2ASy 1650084
is then grown to a thickness of 500A on this layer, and then a cap layer of GaAsg15Sbg.g4 is grown on this
layer to a thickness of 100A. This InAs thin film has an electron mobility of 15000cm?/Vs, a sheet resistance
of 215Q/unit area and an electron density of 0.97 x 10'8cm™3. The quantum well formed by the thin film
was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.
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As shown in Table 4, the Hall element of the thirteenth example had a large Hall output voltage of
225mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage variation with
temperature, like example 12 was small, and the input resistance variation with temperature also, as with
example 12 shows no drop up to approximately 150°C, indicating excellent temperature characteristics.
Furthermore, the heat radiation coefficient of an element molded in a standard mini mold, is only
approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures of
100°C to 150°C, and even at low temperatures down to -50 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Example 14

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg 16Sbg g4 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InAs is then grown to a
thickness of 300A on this layer. A second compound semiconductor layer of undoped AlygGag 2ASy 1650084
is then grown to a thickness of 500A on this layer, and then a cap layer of GaAsg 152bg.g4 is grown on this
layer to a thickness of 100A. This InAs thin film has an electron mobility of 15000cm?/Vs, a sheet resistance
of 2500/unit area and an electron density of 0.56 x 10'8cm™3.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively. As shown in
Table 4, the Hall element of the fourteenth example had a large Hall output voltage of 210mV for a rated
input voltage when subjected to a magnetic flux density of 500G. This value is more than twice the average
Hall output voltage of a GaAs Hall element. The Hall output voltage variation with temperature, showed the
same characteristics as with example 12. The input resistance variation with temperature also, as with
example 12 showed no drop even past 150°C, and had excellent heat resistance. Hence the element can
be used at the previously impossible temperatures of 100°C to 150 ° C, and even at low temperatures down
to -50°C no problems are experienced. The element is thus reliable for use over a wide range of
temperatures. With the Hall element as one of the magnetic sensors of the present invention, the Hall output
voltage in the magnetic field is large resulting in high sensitivity. The Hall element can also be used at high
temperatures, and reliability is extremely high.

Example 15

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg 16Sbg g4 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InAs is then grown to a
thickness of 100A on this layer. A second compound semiconductor layer of undoped AlygGag 2ASy 1650084
is then grown to a thickness of 500A on this layer, and then a cap layer of GaAsg15Sbg.g4 is grown on this
layer to a thickness of 100A.

This InAs thin film has an electron mobility of 14000cm?/Vs, a sheet resistance of 220Q/unit area and an
electron density of 2.03 x 10'8cm™3. The quantum well formed by the thin film was also verified. A Hall
element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively. As shown in
Table 4, the Hall element of the fifteenth example had a large Hall output voltage of 170mV for a rated input
voltage when subjected to a magnetic flux density of 500G. This value is more than twice the average Hall
output voltage of a GaAs Hall element. The Hall output voltage variation with temperature, was similar to
that of example 12, and even at over 100°C showed excellent temperature characteristics. The input
resistance variation with temperature also, as with example 12 showed no drop even past 150° C, and had
excellent heat resistance. Hence the element can be used at the previously impossible temperatures of
100°C to 150°C, and even at low temperatures down to -50 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.
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Example 16

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg 23Sbg 77 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InggGag 1As is then
grown to a thickness of 150A on this layer. A second compound semiconductor layer of undoped
AlgsGag 2Asg23Sbg 77 is then grown to a thickness of 500A on this layer, and then a cap layer of
GaAsg 23Sbg 77 is grown on this layer to a thickness of 100A.

This InggGayg 1As thin film has an electron mobility of 14000cm?/Vs, a sheet resistance of 300Q/unit area
and an electron density of 0.99 x 10'8cm™3. The quantum well formed by the thin film was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the sixteenth example has a large Hall output voltage of
215mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage variation with
temperature, showed similar characteristics to those of example 12. The temperature dependence of the
input resistance also, as with example 12 was extremely small up to approximately 150 ° C, with no apparent
drop in resistance, suggesting excellent temperature characteristics. Due to this small variation in the input
resistance with temperature change, the heat radiation coefficient of an element molded in a standard mini
mold, is only approximately 2.3mW/°*C. Hence the element can be used at previously impossibly high
temperatures, and even at low temperatures down to -50° C no problems are experienced. The element is
thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Example 17

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg32Sbg gs is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InggGagoAs is then
grown to a thickness of 150A on this layer. A second compound semiconductor layer of undoped
AlgsGag 2Asg32Sbgss is then grown to a thickness of 500A on this layer, and then a cap layer of
GaAsg 32Sbges is grown on this layer to a thickness of 100A. This IngsGag2As thin film has an electron
mobility of 13000cm?/Vs, a sheet resistance of 320Q/unit area and an electron density of 1.00 x 108cm™3,
The quantum well formed by the thin film was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the seventeenth example has a large Hall output voltage of
205mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element.

The temperature characteristics of the Hall output voltage are shown in Fig. 13. The temperature
variation of the Hall output voltage at a constant voltage is small even at temperatures above 100°C
showing excellent temperature characteristics. As shown in Fig. 14, the input resistance variation with
temperature shows no drop up to approximately 180°C, indicating excellent temperature characteristics.
Furthermore, the heat radiation coefficient of an element molded in a standard mini mold, is only
approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures of
100°C to 180°C, and even at low temperatures down to -60 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Comparative Example 5

As with example 17, an undoped Al gGag 2AsgSbo 4 is grown fo a thickness of 1.0um on the surface of
a two inch diameter GaAs substrate. An undoped InggGag, is then grown to a thickness of 150A. An
undoped Al gGag2AsgsSbo 4 is then grown to a thickness of 5004, and then a cap layer of GaAsygSbg.4 is
grown to a thickness of 100A. The surface morphology of the growth layer showed a slight blooming. This
Ing.sGag2As thin film has an electron mobility of 2000cm?/Vs, a sheet resistance of 1100Q/unit area and an
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electron density of 1.89 x 10"¥cm™3. A Hall element was made by the method of example 4, however this
had a Hall output voltage of only 30mV, and an extremely high input resistance of 2.2kQ. Furthermore, the
Hall output voltage, and input resistance were strongly dependent on temperature changes, and the input
resistance dropped markedly at high temperatures.

Example 18

In order to obtain a Hall element utilizing the quantum effect, a first compound semiconductor layer of
undoped Alg gGag 2Asg45Sbg 55 is grown to a thickness of 1.0um on the surface of a two inch diameter GaAs
substrate by the molecular-beam epitaxy (MBE) method. A sensor layer of undoped InggsGagssAs is then
grown to a thickness of 150A on this layer. A second compound semiconductor layer of undoped
AlgsGag 2Asg45Sbgss is then grown to a thickness of 500A on this layer, and then a cap layer of
GaAsg.45Sbgss is grown on this layer to a thickness of 100A. This Ings5Gap.3sAs thin film has an electron
mobility of 14000cm?/Vs, a sheet resistance of 360%Q/unit area and an electron density of 0.83 x 108cm™3.
The quantum well formed by the thin film was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the eighteenth example had a large Hall output voltage of
205mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is twice the
average Hall output voltage of a GaAs Hall element. The temperature variation of the Hall output voltage at
a constant voltage is small even at temperatures above 100°C showing excellent temperature characteris-
tics. Also the input resistance variation with temperature shows no drop up to approximately 180°C,
indicating excellent temperature characteristics. Furthermore, the heat radiation coefficient of an element
molded in a standard mini mold, is only approximately 2.3mW/*C. Hence the element can be used at the
previously impossible temperatures of 100°C to 180°C, and even at low temperatures down to -60°C no
problems are experienced. The element is thus reliable for use over a wide range of temperatures. With the
Hall element as one of the magnetic sensors of the present invention, the Hall output voltage in the
magnetic field is large resulting in high sensitivity. The Hall element can also be used at high temperatures,
and reliability is extremely high.

Example 19

A first compound semiconductor layer of undoped AlgsGag2Asg75Sbg2s is grown to a thickness of
1.0um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method.
A sensor layer of undoped Ing3Gag7As is then grown to a thickness of 150A on this layer. A second
compound semiconductor layer of undoped AlysGag2Asg75Sbg25 is then grown to a thickness of 500A on
this layer, and then a cap layer of GaAsy 75Sbg 25 is grown on this layer to a thickness of 100A.

This Ing3Gag 7As thin film has an electron mobility of 10000cm?/Vs, a sheet resistance of 400Q/unit area
and an electron density of 1.04 x 10'8cm™3. The quantum well formed by the thin film was also verified.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the nineteenth example had a large Hall output voltage of
150mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
1.5 times the average Hall output voltage of a GaAs Hall element. The temperature variation of the Hall
output voltage at a constant voltage is small even at temperatures above 100°C showing excellent
temperature characteristics. Also the input resistance variation with temperature shows no drop up to
approximately 180°C, indicating excellent temperature characteristics. Furthermore, the heat radiation
coefficient of an element molded in a standard mini mold, is only approximately 2.3mW/°C. Hence the
element can be used at the previously impossible temperatures of 100°C to 180°C, and even at low
temperatures down to -60° C no problems are experienced. The element is thus reliable for use over a wide
range of temperatures. With the Hall element as one of the magnetic sensors of the present invention, the
Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall element can also be
used at high temperatures, and reliability is extremely high.

Example 20

A first compound semiconductor layer of undoped Algglng2Asg3Sbg7 is grown to a thickness of 1.0um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A
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sensor layer of undoped InggGag2AsegShbg2 is then grown to a thickness of 150A on this layer. A second
compound semiconductor layer of undoped Algglng2Asg 3Sbg 7 is then grown to a thickness of 500A on this
layer. This InggGag2AsysSho2 thin film has an electron mobility of 15000cm?/Vs, a sheet resistance of
300Q/unit area and an electron density of 0.93 x 10'8cm™3. The quantum well formed by the thin film was
also verified.

A Hall element was then made as follows in a similar manner to that of example 9.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twentieth example had a large Hall output voltage of
210mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage variation with
temperature, like example 17 was small, and the input resistance variation with temperature also, as with
example 17 shows no drop up to approximately 180°C, indicating excellent temperature characteristics.
Furthermore, the heat radiation coefficient of an element molded in a standard mini mold, is only
approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures of
100°C to 180°C, and even at low temperatures down to -60 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Comparative Example 6

As with example 20, an undoped Algglng2Asg7Sbgs is grown to a thickness of 1.0um. An undoped
Ing.sGag 2AspsSbg2 is then grown to a thickness of 150A. An undoped Al glng 2Asg 7Sbg 3 is then grown to a
thickness of 500A. The grown thin film had a very poor surface morphology, a very high sheet resistance of
10509, and an electron mobility of 2200cm?/Vs. A Hall element was made the method of example 9 and the
element characteristics measured. The Hall output voltage was only 30mV, with a very high input resistance
of 2.1 kQ. Furthermore, the Hall oufput voltage, and input resistance were strongly dependent on
temperature changes, and the input resistance dropped markedly at high temperatures.

Example 21

A first compound semiconductor layer of undoped Alg glng 2Asg.05Sbg.g5 is grown to a thickness of 1.0um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A
sensor layer of undoped InggGag2Ase5Sbgs is then grown to a thickness of 150A on this layer. A second
compound semiconductor layer of undoped Algglng2Asgo5Sbggs is then grown to a thickness of 500A on
this layer. This InggGag.2Asy5Sbgs thin film has an electron mobility of 15000cm?/Vs, a sheet resistance of
290Q/unit area and an electron density of 0.96 x 10'8cm™3. The quantum well formed by the thin film was
also verified.

A Hall element was then made as follows in a similar manner to that of example 9.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twenty first example had a large Hall output voltage of
215mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage variation with
temperature, like example 17 was small, and the input resistance variation with temperature also, as with
example 17 shows no drop up to approximately 180°C, indicating excellent temperature characteristics.
Furthermore, the heat radiation coefficient of an element molded in a standard mini mold, is only
approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures of
100°C to 180°C, and even at low temperatures down to -60 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Example 22
A first compound semiconductor layer of undoped Alg 4lng sASg.05Sbg.95 is grown to a thickness of 1.0um
on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method. A

sensor layer of undoped InggGag2Ase2Sbgs is then grown to a thickness of 150A on this layer. A second
compound semiconductor layer of undoped Alg4lngsAsgo5Sbogs is then grown to a thickness of 500A on
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this layer. This InggGag.2Asg2Sbgs thin film has an electron mobility of 16000cm?/Vs, a sheet resistance of
270Q/unit area and an electron density of 0.96 x 10'8cm™3. The quantum well formed by the thin film was
also verified.

A Hall element was then made as follows in a similar manner to that of example 9.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twenty second example had a large Hall output voltage of
230mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage variation with
temperature, like example 17 was small, and the input resistance variation with temperature also, as with
example 17 shows no drop up to approximately 180°C, indicating excellent temperature characteristics.
Furthermore, the heat radiation coefficient of an element molded in a standard mini mold, is only
approximately 2.3mW/°C. Hence the element can be used at the previously impossible temperatures of
100°C to 180°C, and even at low temperatures down to -60 ° C no problems are experienced. The element
is thus reliable for use over a wide range of temperatures. With the Hall element as one of the magnetic
sensors of the present invention, the Hall output voltage in the magnetic field is large resulting in high
sensitivity. The Hall element can also be used at high temperatures, and reliability is extremely high.

Example 23

A first compound semiconductor layer of undoped AlysGag2Asg16Sboss is grown to a thickness of
1.0um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method.
Then only the Sb was irradiated to grow a single atom layer. The Sb irradiation was then stopped and
immediately irradiation of only the In commenced to grow a single atom layer, and this was followed by
irradiation of the As. Then a sensor layer of undoped InAs was grown fo a thickness of 150A on this layer.
Subsequently, the process was repeated with irradiation of only the In to grow a single atom layer. The In
irradiation was then stopped and immediately irradiation of only the Sb commenced to grow a single atom
layer. On completion of the single atom layer of Sb, a second compound semiconductor layer of undoped
AlgsGag 2Asg16Sboga is then grown to a thickness of 500A on this layer, and then a cap layer of
GaAsg.16Sbg g4 is grown on this layer to a thickness of 100A. This InAs thin film has an electron mobility of
21000cm?/Vs, a sheet resistance of 205Q/unit area and an electron density of 0.97 x 10cm™3. An In-Sb
type bond was formed at the interface between the InAs layer and the AlysGag2Asg.16Sbos4 layer resulting
in a significant increase in electron mobility.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twenty third example had a large Hall output voltage of
260mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
three times the average Hall output voltage of a GaAs Hall element. The Hall output voltage temperature
characteristics, like example 12, showed good temperature characteristics even at temperatures above
100°C. The input resistance variation with temperature also, as with example 12 shows no drop up to
approximately 150°C, indicating excellent temperature characteristics. Furthermore, the heat radiation
coefficient of an element molded in a standard mini mold, is only approximately 2.3mW/°C. Hence the
element can be used at the previously impossible temperatures of 100°C to 150°C, and even at low
temperatures down to -50° C no problems are experienced. The element is thus reliable for use over a wide
range of temperatures. With the Hall element as one of the magnetic sensors of the present invention, the
Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall element can also be
used at high temperatures, and reliability is extremely high.

Example 24

A first compound semiconductor layer of undoped AlysGag2Asg32Sboss is grown to a thickness of
1.0um on the surface of a two inch diameter GaAs substrate by the molecular-beam epitaxy (MBE) method.
Then only the Sb was irradiated to grow a single atom layer. The Sb irradiation was then stopped and
immediately irradiation of only the In commenced to grow a single atom layer, and this was followed by
irradiation of the As and Ga. Then a sensor layer of undoped InggGag.As was grown to a thickness of 150A
on this layer. Subsequently, the process was repeated with irradiation of only the In to grow a single atom
layer. The In irradiation was then stopped and immediately irradiation of only the Sb commenced to grow a
single atom layer. On completion of the single atom layer of Sb, a second compound semiconductor layer
of undoped Al gGag 2ASg 32Sbg 65 is then grown to a thickness of 500A on this layer, and then a cap layer of
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GaAsg 32Sbges is grown on this layer to a thickness of 100A. This IngsGag2As thin film has an electron
mobility of 16000cm?/Vs, a sheet resistance of 300Q/unit area and an electron density of 0.87 x 108cm™3.
An In-Sb type bond was formed at the interface between the In0.8Ga0.2As layer and the
AlgsGag 2Asg 32Sbg g5 layer resulting in a significant increase in electron mobility.

A Hall element was then made as follows in a similar manner to that of example 4.

The thin film and element characteristics are given later in Tables 3 and 4 respectively.

As shown in Table 4, the Hall element of the twenty fourth example had a large Hall output voltage of
225mV for a rated input voltage when subjected to a magnetic flux density of 500G. This value is more than
twice the average Hall output voltage of a GaAs Hall element. The Hall output voltage temperature
characteristics, like example 17, showed good temperature characteristics even at temperatures above
100°C. The input resistance variation with temperature also, as with example 17 shows no drop up to
approximately 180°C, indicating excellent temperature characteristics. Furthermore, the heat radiation
coefficient of an element molded in a standard mini mold, is only approximately 2.3mW/°C. Hence the
element can be used at the previously impossible temperatures of 100°C to 180°C, and even at low
temperatures down to -60° C no problems are experienced. The element is thus reliable for use over a wide
range of temperatures. With the Hall element as one of the magnetic sensors of the present invention, the
Hall output voltage in the magnetic field is large resulting in high sensitivity. The Hall element can also be
used at high temperatures, and reliability is extremely high.

The above resulted are tabulated in the following Tables 1 to 4. Tables 2 and 4 grade temperature
characteristics as A, B and C. Grade A indicated excellent temperature characteristics with no drop in the
input resistance even at high temperatures. Grade B indicates good temperature characteristics, which
although showing a slight drop in input resistance at high temperature, in practice this drop is not enough to
be a problem. Grade C indicates a large drop in input resistance in the high temperature region, which in
practice would present a problem.
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Examples of the present invention are given above. However the present invention is not limited fo
these examples. Furthermore, there are many other examples of the present invention based on these, and
the present invention extends to all these various possible applications.

Industrial Field of Application

The semiconductor sensor of the present invention as described above, when used as a magnetic
sensor achieves previously unattainable high sensitivity and high output. Moreover, the process of growing
the thin film and forming the element is suitable for mass production, with beneficial application to
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engineering. Also, with the good crystallization In,Ga;-,As,Sbi-, wherein (0<x<1.0, 0<y<1.0) as a mag-
netically sensitive portion, the temperature dependence of the magnetic sensor oufput and of the input
resistance are both small. Moreover, since the drop in the input resistance at high temperatures is small,
the element has high heat resistance and high breakdown voltage, so that it may be used over a wide
temperature range with high reliability. Hence the element is suitable for a wide range of uses that were not
heretofore possible, opening up many new industrial applications.

Moreover, the semiconductor sensor of the present invention, when used as an optical sensor utilizes
the high electron mobility of the sensor layer to give a high speed response. Furthermore, since the dark
current of the element is small, it shows promise for use as an optical sensor for detection in the mid-
infrared range (2 - 8um). Also, by utilizing the small band gap of the sensor layer a highly sensitive
pressure or strain sensor is possible for detecting pressure or strain in a wide field of applications.

Claims

1. A magnetic sensor, characterized by comprising a high resistance first compound semiconductor layer,
an InAs thin film layer grown on said layer, and a electrode formed on said InAs layer, wherein said first
compound semiconductor layer has a lattice constant the same as or nearly the same as that of the
InAs layer, and a band gap energy greater than that of the InAs.

2. A magnetic sensor, characterized by comprising a high resistance first compound semiconductor layer,
a thin film layer of InyGa,-,As (0<x<1.0) grown on said first compound semiconductor layer, and a
electrode formed on said In,Ga;-,As thin film layer, wherein said first compound semiconductor layer
has a lattice constant the same as or nearly the same as that of the In,Ga,-,As, and a band gap energy
greater than that of the InxGa;-,As.

3. A magnetic sensor, characterized by comprising a high resistance first compound semiconductor layer,
a thin film layer of In,Ga;-,As,Sbq-, (0<x£1.0, 0=y<1.0) grown on said first compound semiconductor
layer, and a electrode formed on said In,Ga;-,As,Sb;-, thin film layer, characterized in that said first
compound semiconductor layer has a lattice constant the same as or nearly the same as that of the
InGay-,As,Sby-y, and a band gap energy greater than that of the In,Ga;-,AsySby-y.

4. A magnetic sensor as claimed in claim 1, characterized in that said InAs thin film layer has a film
thickness of not more than 500A.

5. A magnetic sensor as claimed in claim 2, characterized in that said In,Ga;-xAs thin film layer has a
thickness of not more than 500A.

6. A magnetic sensor as claimed in claim 3, characterized in that said In,Ga;-,As,Sbq-, layer has a
thickness of not more than 500A.

7. A magnetic sensor as claimed in claim 1 or 4, characterized in that the electron density of said InAs
layer is within the range of from 5 x 10 {0 8 x 10'8/cm?.

8. A magnetic sensor as claimed in claim 2 or 5, characterized in that the electron density of said
In,Gai_,As layer is within the range of from 5 x 10'® to 8 x 10'8/cm?3.

9. A magnetic sensor as claimed in claim 3 or 6, characterized in that the electron density of said
InyGay-xAs,Sby_y layer is within the range of from 5 x 10'® to 8 x 10'8/cm?®.

10. A magnetic sensor as claimed in any one of claims 1 through 9, characterized in that said first
compound semiconductor layer is doped with a donor impurity.

11. A magnetic sensor as claimed in claim 1, characterized in that a high resistance second compound
semiconductor layer is formed on the InAs layer and said second compound semiconductor layer has a
lattice constant the same as or nearly the same as that of InAs, and a band gap energy greater than
that of InAs.
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A magnetic sensor as claimed in claim 2, characterized in that a high resistance second compound
semiconductor layer is formed on the In,Ga;_,As layer and said second compound semiconductor
layer has a lattice constant the same as or nearly the same as that of In,Ga;-,As, and a band gap
energy greater than that of In,Ga;_,As.

A magnetic sensor as claimed in claim 3, characterized in that a high resistance second compound
semiconductor layer is formed on the In,Ga;-,As,Sbs-y layer and said second compound semiconduc-
tor layer has a lattice constant the same as or nearly the same as that of In,Ga;-,As,Sb;-,, and a band
gap energy greater than that of In,Gay-,As,Sby-.

A magnetic sensor as claimed in claim 11, characterized in that said InAs thin film layer has a film
thickness of not more than 500A.

A magnetic sensor as claimed in claim 12, characterized in that said InGa;-,As thin film layer has a
thickness of not more than 500A.

A magnetic sensor as claimed in claim 13, characterized in that said In,Ga;-,As,Sby-, layer has a
thickness of not more than 500A.

A magnetic sensor as claimed in claim 11 or 14, characterized in that the electron density of said InAs
layer is within the range of from 5 x 10 {0 8 x 10'8/cm?.

A magnetic sensor as claimed in claim 12 or 15, characterized in that the electron density of said
In,Gai_,As layer is within the range of from 5 x 10'® to 8 x 10'8/cm?3.

A magnetic sensor as claimed in claim 13 or 16, characterized in that the electron density of said
InyGay-xAs,Sby_y layer is within the range of from 5 x 10'® to 8 x 10'8/cm?®.

A magnetic sensor as claimed in any one of claims 11 through 19, characterized in that either one or
both of said first compound semiconductor layer and said second compound semiconductor layer is
doped with a donor impurity.

A method for producing a magnetic sensor characterized by comprising the steps of; forming a high
resistance first compound semiconductor layer having a lattice constant the same as or nearly the
same as that of InAs, and a band gap energy greater than that of InAs, forming a layer of InAs on said
layer,

treating said InAs layer, and

forming a plurality of ohmic electrodes on said InAs layer.

A method for producing a magnetic sensor characterized by comprising the steps of;

forming a high resistance first compound semiconductor layer having a lattice constant the same
as or nearly the same as that of InAs, and a band gap energy greater than that of InyGa;-,As, forming a
layer of In,Ga;_,As (0<x<1.0) on said layer,
treating said In,Ga;_As layer, and

forming a plurality of ohmic electrodes on said In,Ga,-,As layer.

A method for producing a magnetic sensor characterized by comprising the steps of;

forming a high resistance first compound semiconductor layer having a lattice constant the same
as or nearly the same as that of InGas-,As,Sby-y, and a band gap energy greater than that of
InGay-,As,Sby-y,
forming a layer of In,Ga;-,As,Sb;-, (0<x£1.0, 05y<1.0) on said layer,
treating said In,Gay-,As,Sb1-y layer, and

forming a plurality of ohmic electrodes on said In,Gaq-,As,Sb1- layer.

A method of producing a magnetic sensor as claimed in claim 21, further characterized by comprising
a step of forming a high resistance second compound semiconductor layer having a lattice constant the
same as or nearly the same as that of InAs, and a band gap energy greater than that of InAs, on said
InAs layer.
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A method of producing a magnetic sensor as claimed in claim 22, further characterized by comprising
a step of forming a high resistance second compound semiconductor layer having a lattice constant the
same as or nearly the same as that of In,Ga;—xAs, and a band gap energy greater than that of
In,Ga;_xAs, on said In,Ga;_,As layer.

A method of producing a magnetic sensor as claimed in claim 23, further characterized by comprising
a step of forming a high resistance second compound semiconductor layer having a lattice constant the
same as or nearly the same as that of In,Ga;- ,As,Sby-y, and a band gap energy greater than that of
InGay-,As,Sby-y, on said In,Gaq-,As,Sbq-, layer.

A hybrid magnetic sensor characterized in that a magnetic sensor comprising a high resistance first
compound semiconductor layer in that, a thin film layer of In,Ga;-,As,Sb;-, (0<x=1.0, 0=y<1.0) grown
on said first compound semiconductor layer, and a in that electrode formed on said In,Ga;-,As,Sby-y
thin film layer, wherein said first compound semiconductor layer has a lattice constant the same as or
nearly the same as that of the In,Gai-,As,Sbi-,, and a band gap energy greater than that of the
InGay-,As,Sby-y, and a silicon monolithic integrated circuit chip are molded together in the same
package.

A magnetic sensor as claimed in claim 27, characterized in that a second compound semiconductor
layer is formed on the In,Ga;-,As,Sb;-, layer, and said second compound semiconductor layer has a
lattice constant the same as or nearly the same as that of In,Gas-,As,Sb-y, and a band gap energy
greater than that of In,Ga;-,AsySb1-y.

A semiconductor optical sensor characterized by comprising a high resistance first compound semicon-
ductor layer, a thin film layer of InGay-,As,Sby-y (0<x£1.0, 02y=1.0) grown on said first compound
semiconductor layer, and a electrode for detecting light formed on said In,Ga;-,As,Sbq-, thin film
layer, wherein said first compound semiconductor layer has a lattice constant the same as or nearly the
same as that of the InGay-,As,Sby-y, and a band gap energy greater than that of the
InGay-AsySby-y.

A semiconductor opfical sensor as claimed in claim 29, characterized in that a high resistance second
compound semiconductor layer is formed on the In,Ga;-,As,Sb;-, layer, and said second compound
semiconductor layer has a lattice constant the same as or nearly the same as that of In,Ga;-,As,Sb1-y,
and a band gap energy greater than that of In,Ga;-,AsySb1-y.

A semiconductor pressure sensor characterized by comprising a high resistance first compound
semiconductor layer, a thin film layer of InGaj-As,Sbi-, (0<x£1.0, 0<y=<1.0) grown on said first
compound semiconductor layer, and a electrode for detecting pressure formed on said
InGay-,As,Sby-y thin film layer, wherein said first compound semiconductor layer has a lattice
constant the same as or nearly the same as that of the InGa;-,As,Sby-y, and a band gap energy
greater than that of the In,Ga;-,As,Sb1-,.

A semiconductor pressure sensor as claimed in claim 31, characterized in that a high resistance
second compound semiconductor layer is formed on the In,Ga;-,As,Sbq-, layer, and said second
compound semiconductor layer has a lattice constant the same as or nearly the same as that of
InGay-,As,Sby-y, and a band gap energy greater than that of In,Ga;-,As,Sb1-,.

A semiconductor strain sensor characterized by comprising a high resistance first compound semicon-
ductor layer, a thin film layer of InGay-,As,Sby-y (0<x£1.0, 02y=1.0) grown on said first compound
semiconductor layer, and a electrode for detecting strain formed on said In,Gas-,As,Sby-y thin film
layer, wherein said first compound semiconductor layer has a lattice constant the same as or nearly the
same as that of the In,Gai-,As,Sbi-y , and a band gap energy greater than that of the
InGay-AsySby-y.

A semiconductor sfrain sensor as claimed in claim 33, characterized in that a high resistance second
compound semiconductor layer is formed on the In,Ga;-,As,Sb;-, layer, and said second compound
semiconductor layer has a lattice constant the same as or nearly the same as that of In,Ga;-,As,Sb1-y,
and a band gap energy greater than that of In,Ga;-,AsySb1-y.
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